ABSTRACT During sudden rate acceleration the assessment of human His-Purkinje system (HPS) behavior in the antegrade direction is generally limited by the maximal attainable input frequency due to atrioventricular nodal (AVN) refractoriness. With incremental ventricular pacing, however, faster rates of input into the HPS are achievable. In seven patients with normal HPS function, the HPS response to an abrupt increase in ventricular rate was systematically evaluated with a pacing protocol in which rapid ventricular pacing at any constant cycle length (CL; range 280 to 400 msec) could be initiated at a programmed interval after the last beat of a paced ventricular or atrial basic drive. The following four patterns of HPS behavior accompanying sudden ventricular rate acceleration were observed: (I) 1: 1 response without conduction delay, (II) 1:1 response with initial conduction delay but subsequent accommodation, (111) occurrence initially of 2:1 or 3:2 Wenckebach block followed by either subsequent accommodation or repetitive block, and (IV) sustained conduction delay with persistent appearance of the His deflection beyond the ventricular electrogram. The three latter patterns were found to be functional in nature, i.e., dependent on the CL just before rate acceleration, with improved conduction and ability to accommodate facilitated at shorter preceding CLs. Furthermore, with the availability of additional recordings from the right bundle branch, it could be postulated that pattern IV represented retrograde right bundle branch block that was sustained because of repetitive antegrade concealment by impulses conducted retrogradely via the left bundle branch ("linking" phenomenon). We conclude that functional delay and/or block in the HPS is relatively common during constant CL ventricular pacing at rapid rates (i.e., greater than 160/min) and recognition of this fact is important for accurate interpretation of electrophysiologic phenomena. Circulation 68, No. 4, 767-775, 1983 
DURING incremental atrial or ventricular pacing, both antegrade and retrograde His-Purkinje system (HPS) conduction times are normally constant, even at rapid rates that may be associated with considerable delay in atrioventricular nodal (AVN) conduction.l4 On the other hand, it is also well established that with an abrupt decrease in cycle length (CL) the relative or effective refractory period (RRP or ERP, respectively) of the HPS may be encountered. 5' 6 This phenomenon is felt to be responsible for the occurrence of functional bundle branch block7'-0 and antegrade 2:1 block in the HPS during rapid atrial pacing."I Very short constant CLs that may encroach on the RRP-HPS are more readily attained with programmed ventricular stimulation than with atrial pacing since, in the latter case, input into the HPS is limited by AVN refractoriness. The sudden acceleration of rate that occurs at the onset of incremental ventricular pacing, therefore, commonly subjects the HPS to abrupt and potentially marked CL shortening. However, the possible manifestations of such CL changes in relation to retrograde HPS conduction of initial and subsequent ventricular paced beats at the faster rate have not been characterized, perhaps because of the difficulty in differentiating HPS from AVN components of ventriculoatrial (VA) conduction.
We recently studied seven patients with no detectable abnormalities in HPS function who displayed characteristics that facilitated analysis of a variety of retrograde HPS responses to an abrupt acceleration of ventricular rate. A specific pacing protocol was designed that permitted systematic assessment of the effect of the CL before rate acceleration on subsequent HPS response. The observed patterns of HPS behavior are presented and possible underlying electrophysiologic mechanisms and clinical implications are discussed.
Methods
In order to be included in the present study, patients had to have normal QRS and HV intervals as well as some characteristic that permitted localization (as described below) of site of VA delay and/or block after sudden ventricular rate acceleratior. Patients with accessory pathways were excluded. Seven of 231 consecutive patients undergoing complete electrophysioloe,ic studies in this laboratory over a 10 month period satisfied these inclusion criteria: five patients were capable of 1:1 VA conduction at a CL S 300 msec and the two other patients had clear His deflections during incremental ventricular pacing at one or more CLs S 400 msec. The mean age of the three men and four women studied was 47 years (range 14 to 69). Atherosclerotic heart disease was present in four patients, aortic insufficiency in one, and cardiomyopathy in one and one had no structural heart disease. The patients were referred for electrophysiologic evaluation because of ventricular arrhythmias (five), syncope (one), or palpitations (one).
Intracardiac electrophysiologic studies were performed in patients who were in the postabsorptive, nonsedated state, as previously described.9 The nature of the procedure was explained to all patients and informed consent was obtained. Cardioactive medications were withheld for at least 48 hr before the study. Although complete electrophysiologic data were obtained in each case, only information relevant to this report will be presented. In none of the cases did infranodal block occur during incremental atrial pacing to a CL producing AVN Wenckebach phenomenon. Split His potentials'2 were never observed. Furthermore, the occurrence of catheter-induced right bundle branch (RBB) block'3 14 was carefully avoided.
Assessment of HPS response to an abrupt increase in ventricular rate was accomplished with the following pacing protocol.
After an 8 beat ventricular or atrial basic drive (SI) of longer CL, a second 8 beat train (S2) of shorter constant CL was initiated at a programmed interval (SIS2) after the last beat of basic drive.
All ventricular stimuli were delivered at the right ventricular apex. In the five patients capable of rapid retrograde AVN conduction the basic drive was ventricular and the SI S2 interval was programmed to equal the S2S2 CL. For each of the S2S2 CLs used (ranging in value from 400 to 280 msec), the pacing protocol was repeated with two or three different basic CLs. In the remaining two patients an atrial basic drive (at a CL of 500 or 600 msec) was used with several different programmed S1S2 intervals for each given S2S2 CL. Thus, in all cases it was possible to assess the effect on HPS response of the CL preceding the abbreviated CL of the S2 train.
Results
The with emergence of a retrograde His deflection from the local ventricular electrogram (V2), making it difficult to identify the site of retrograde conduction delay, i.e., AVN vs HPS (figure 2, A). Evidence for conduction delay localized to the HPS, however, was provided by a shorter S2A2 interval during comparable beats when the SS, CL was decreased (figure 2, C). Prolongation of S2A2 intervals would have been expected had the AVN been the site of retrograde delay. '6 In all patients who exhibited a pattern II response, further shortening of the S2S2 CL produced longer initial S2A2 intervals and concomitant emergence of the His bundle deflection from the V2 electrogram (figure 2, B; tifiable. The subsequent increase in S2A2 most probably represented AVN conduction delay that can occur at rapid rates, even in the setting of fast retrograde AVN conduction. 16 In no case was an increase in S A caused by prolonged stimulus-to-ventricular response latency. After the blocked beat the S2A2 values returned to AA pattern IV response followed the blocked beat of pattern III.
BOccurrence of sustained atrial fibrillation did not permit repeating the pacing protocol with an S2S2 cycle length shorter than 320 msec.
control levels (i.e., S2A2 within 5 msec of SIA1). Subsequent beats were conducted either with less delay followed by accommodation (figure 3, A) or with repeated 2:1 and/or 3:2 block ( figure 3, B) for the duration of the S2 train. In one patient a pattern IV response (see below) was observed after the blocked beat. One can argue that the initial site of retrograde block in A and B of figure 3 may be the AVN, as a result of figure 4, A) . The functional nature of pattern IV behavior is supported by the absence of such marked and sustained retrograde HPS delay when the CL preceding the S2 train was shortened ( figure 4, B figure 4) .
A dynamic process, such as depicted schematically in figure 5 , may be a more tenable mechanism for the cur in the tissue proximal to or at the site(s) of block. With the third beat of the S2 train (figure 5, C) retrograde block in the RBB occurs due to antegrade concealment engendered by the previously conducted impulse. Persistence of retrograde block in the RBB, therefore, is "linked" to electrophysiologic sequelae of the previous beat. Despite right-sided retrograde block, the impulse is still able to cross the septum and travel along the LBB, which may have accommodated (figure 5, C) as a result of the short preceding CL. Propagation along this route, therefore, may be faster and the SH interval shorter than was the case with the previous beat. However, the new impulse also antegradely reenters the RBB and blocks ( figure 5, C figure 6, B) . The linking will persist, however, unless the site of retrograde RBB block is able to progessively advance more proximally (perhaps due to "local" HPS accommodation) (figure 5, C through E) so that ultimately retrograde His activation via the RBB can occur ( figure 5, F) . Conduction might also be improved at the site of block if a summation phenomenon at the site of retrogradely and antegradely blocked impulses occurs30 and somehow produces a salutary effect on retrograde propagation of the subsequent paced beat. Although the exact mechanism cannot be determined from this study, the occurrence during pattern IV of proximal migration of retrogradeblock site is strongly suggested by the shortening of the H-RB interval with eventual disappearance of the RB deflection observed in one patient ( figure 6, B ). An analogous phenomenon, i.e., farther migration of block site with progressive improvement in conduction along the His-RBB axis, has been documented during repetitive antegrade functional RBB block as well.9
Clinical implications. The different types of HPS behavior described in this report would be expected to occur during rapid ventricular pacing (where "S S2' is obviously random), ventricular tachycardia, and socalled antidromic reentrant tachycardia in patients with antegradely functioning accessory pathways. In such settings, therefore, the possibility of functional HPS delay and/or block should be considered as a possible explanation for His activation patterns (especially patterns III and IV) that might otherwise be ascribed to HPS pathology or drug effect. Furthermore, occur-A FIGURE 6. Elucidation of pattern IV HPS response with RBB recording. Tracings from another patient. Format similar to that of figure 4, with addition of RB recording. A and B, S, drive originates from HRA site (SISI CL = 600 msec) and S2 is of ventricular origin (S2S2 CL = 300 msec). When SIS2 = 800 msec, with corresponding V,S2 of 600 msec (A), there is retrograde HPS delay (S2H2= 170 msec) encountered by the second S2 beat followed by right ventricular reexcitation due to bundle branch reentry. Note that the H-RB interval during reentrant beat is shorter than during sinus (40 msec), a finding compatible with HB and RB activation via the left bundle.'8 The macroreentrant beat renders the ventricle refractory to the third S2, but normal retrograde conduction occurs with the next beat. This is followed, however, by pattern IV HPS behavior with a constant S2H2 of 130 msec. Since the RB deflection is clearly visible preceding the bundle branch reentrant beat, absence of a RB deflection during the presumed linking phenomenon may indicate a site of retrograde block and consequent concealment along the RB-His axis between the recording sites of the His bundle and RBB. When S, S2 is shortened to 700 msec, with corresponding decrease in VIS2 to 500 msec (B), there is less retrograde HPS conduction delay (S2H2 = 145 msec) occurring with the second S2 beat than is the case in A. Despite antegrade RB activation in B, the shorter S2RB2 (170 msec) compared with the corresponding beat of A falls within the effective refractory period of the distal RBB and does not permit ventricular reexcitation. Instead, the linking phenomenon is observed for the duration of the S2 train. Note progressive S2H2 shortening, i.e., accommodation to 130 msec, a value identical to that observed in A. Disappearance of the RB2 deflection after the fifth beat may reflect migration of site of retrograde block and concealment along the RB-His axis from a location distal to the RB recording site to an area between the His and RBB recording positions. Such migration would be a prerequisite for abolition of the linking phenomenon. In addition, note change in H2RB2 interval in second through fifth S2 beats (25, 30, 15 , and 15 msec, respectively), indicating initial delay along the retrograde-left to antegrade-right bundle pathway with subsequent retrograde activation of the RB recording site via the RBB. This occurs despite continued retrograde His activation via the LBB. Such altered local activation is also consistent with migration of RBB block site. C, Morphology of and relationship between the His bundle and RB deflections as observed during retrograde refractory period studies (with S I S I CL of 600 msec and S I S2 CL of 300 msec). Note that H2RB2 is 25 msec, a value identical to that seen in A and B. rence of HPS block (i.e., pattern III) may be responsible for the initiation of orthodromic reentrant tachycardia during rapid ventricular pacing in some patients with Wolff-Parkinson-White syndrome.3" It should also be appreciated that persistent VH prolongation with antegrade RB activation occurring in association with sustained bundle branch reentry32 may be simulated by a linking phenomenon during ventricular tachycardia, in which case the HPS is responding, rather than contributing, to the accelerated ventricular rate. Differentiating these two entities may require careful analysis of mode of initiation of the tachycardia as well as a correlation of spontaneous changes in the VH interval with alterations in CL.
A linking-type mechanism has also been suggested as an explanation for sustained functional antegrade 774 bundle branch block.7'33 Thus, the linking phenomenon together with a mechanism for its potential dissolution (i.e., migration of block site) provide a unifying concept for understanding occurrence and possible resolution of both antegrade and retrograde sustained functional bundle branch conduction delay or block.
Finally, it should be pointed out that the patterns presently described may not constitute the entire spec-.rum of HPS behavior during a sudden increase in ventricular rate, particularly in patients with abnormal HPS. Moreover, the full range of S2S2 CLs (for given SIS, CLs) normally associated with each pattern has yet to be determined.
We thank Ann Edwards and Brian Miller for their assistance in the preparation of this manuscript.
